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Since the literature of molecular genetics 
has been growing explosively, it is small 
wonder that those who were not present 
at the creation of the field may have a 
cloudy picture of its origins: events of 
only five years ago are already ancient 
history. But a recent reprinting of the 
autobiography of Emil Fischer has 
brought to light an even earlier pre- 
history, in which a remarkable specu- 
lation anticipated the possibility of 

* genetic engineering. To appreciate this 
contribution we must first consider the 
obstacles that so long delayed the union 
of biochemistry and genetics. 

The Role of Bacterial Genetics Possible Reasons for the 

Everyone knows, of course, that the 
discovery of the double helix by Watson 
and Crick in 1953 gave birth to mo- 
lecular genetics. But the field had its 
conception - the zygote that united its 
previously disparate elements - in the 
chemical identification of the pneu- 
mococcal transforming principle by 
Avery, MacLeod and McCarty in 1944. 
Moreover, this discovery not only es- 
tablished DNA as the material of the 
gene: it a!so !aunched the lie!d of 
bacterial genetics. For genetic studies. 
until the recent identification of gene 
sequences, had depended on the re- 
combination of different alleles from 
different parents. Transformation first 
demonstrated that this process occurs 
in bacteria, and it quickly led to 
Lederberg’s recognition of two addi- 
tional mechanisms. conjugation and 
transduction. 

Neglect of the Avery Discovery 

The importance of bacterial genetics 
for the development of molecular ge- 
netics cannot be overemphasized. The 
work of Beadle and Tatum with auxo- 
trophic mutants of the mold Neuro- 
spora not only provided a novel set of 
genetic markers in a single-celled or- 
ganism; it also indicated that each gene 
forms a corresponding enzyme; and 
similar mutants of bacteria soon pro- 
vided a wide variety of phenotypes that 
invited similar biochemical correlations. 
Moreover, while recognition of the 
double-helical structure of DNA was 
based on biochemistry and X-ray crys- 
tallography. exploration of the impli- 
cations of that structure benefited from 

The Avery discovery was truly revolu- 
tionary, not only because of its in- 
trinsic significance, but because the 
answer was so unexpected. Before then 
it was generally assumed that only 
proteins could provide the complexity 
required for the gene, and so the DNA 
in the chromosomes was presumably 
providing some kind of scaffolding. Yet 
Avery and his colleagues did not receive 
a Nobe! Prize, though he lived for 11 
years after announcing the role of 
DNA. Neither. was a Nobel Prize 
awarded for the development of the 
fine-structure genetics by Benzer, Yan- 
ofsky and Brenner which made it 
possible to correlate specific changes in 
DNA sequence with changes in protein 
sequence and with altered function in 
the cell. It may be hard to appreciate 
today that this discovery; -- that cros- 
sing-over can occur between any ad- 
jacent bases, rather than at special sites 
between genes - had the two elements 
of a great discovery: surprise. as well as 
broad significance. Perhaps the problem 
here was that fine-structure mapping, 
and the collinearity of DNA and pro- 
teins. so quickly became taken for 
granted as a foundation on which so 
many built. 

Since the Nobel Committee has on 
the whole shown excellent judgment. 
except in the area of medical therapy 
(for example. Finsen’s prize for al- 
legedly curing skin tuberculosis with 
ultraviolet irradiation. and Munoz’s for 
prefrontal lobotomy). we must wonder 

a radical advance provided by bacterial 
genetics : while classical genetics could 
only count the various phenotypes in a 
limited population of progeny, appro- 
priate selective media for bacteria. or 
selective hosts for their viruses, could be 
used to isolate even very rare mutants 
or recombinants from an enormous 
population. The resolving power of 
genetic mapping was thus suddenly 
refined by many orders of magnitude: 
mutations and recombinations, pre- 
viously localized only in terms of genes, 
could now be localized in terms of 
individual nucleotides. 

why they missed Avery. Indeed, this 
was clearly one of their most egregious 
errors (though some would consider 
bypassing Freud’s impact on literature, 
if not on medicine and psychology. an 
even greater omission). Here I would 
like to suggest several reasons for the 
slow recognition of Avery and his 
colleagues. 

(1) A small part of the responsibility 
rests on Avery himself, for while his 
unique style was something to admire, 
it was not ideally designed to draw 
attention to such a revolutionary dis- 
covery. Indeed, it was antithetical to the 
inimitable highly competitive, impatient 
style set by the subsequent leaders in 
molecular genetics, continually shifting 
the direction of research as new peaks 
were revealed for conquest. Avery in- 
stead devoted his entire lifetime to the 
patient study, with few collaborators 
and little sense of competition, of factors 
affecting the virulence of one organism, 
the pneumococcus - the major cause of 
death in the developed parts of the 
world at the time when he began. 

What is even more relevant was his 
style of publication, which would clearly 
be very difficult to emulate in today’s 
era of intense competition and constant 
pressure to justify renewal of grants. 
My teacher, Dubos. told me that Avery 
would explore a problem at length and 
finally, when he had the answer, would 
not publish these data but would per- 
form the ‘protocol experiment’, with 
the precise number of points and con- 
trols needed to document his con- 
clusions. Moreover, he would then put 
the paper in the drawer for a few 
months in order to be able better to 
polish it before publication -and the 
yield was at most two to three papers 
per year. In addition, he was opposed to 
short notes: it did not escape his 
attention that the DNA discovery had 
deep genetic implications. which he 
expressed most tentatively; but he pub- 
lished it only as a full paper in the 
Journal of Experimental Medicine. with- 
out trying to draw attention to its 
general significance in such a journal as 
Nature. A few years later. visiting what 
was then the world center of research 
on biochemical genetics. Beadle’s de- 
partment at CalTech. I found that its 
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l i b ra ry , u n d e rs ta n d a b l y , d i d  n o t c a rry  
th e  J o u rn a l  o f E x p e ri m e n ta l  M e d i c i n e . 

(2 ) T h e  c l e ft b e tw e e n  g e n e ti c s  a n d  
b a c te ri o l o g y  w a s  a n  e v e n  d e e p e r p ro - 
b l e m . N o  c h ro m o s o m e  h a d  y e t b e e n  
s e e n  i n  b a c te ri a . M o re o v e r, g e n e ti c  
a d a p ta ti o n  i n  th e s e  o rg a n i s m s  w a s  g e n - 
e ra l l y  c o n fu s e d  w i th  p h y s i o l o g i c a l  a d - 
a p ta ti o n , b e c a u s e  o v e rn i g h t o u tg ro w th  
o f a  v a ri a n t s e e m e d  to o  ra p i d  fo r a  
D a rw i n i a n  p ro c e s s  (u n ti l  th e  p o w e r o f 
ra p i d  e x p o n e n ti a l  g ro w th  a n d  s h a rp  
s e l e c ti o n  w a s  l a te r u n d e rs to o d ). A c - 
c o rd i n g l y , th e  s tu d y  o f b a c te ri a l  v a ri -  
a ti o n  w a s  n o t y e t l i n k e d  to  g e n e ti c  
c o n c e p ts : i n h e ri ta n c e  i n  b a c te ri a  w a s  
g e n e ra l l y  a s c ri b e d  to  a  v a g u e  p l a s ti c i ty , 
i n  th e  a b s e n c e  o f e v i d e n c e  fo r th e  l i n k e d  
g e n e s  fo u n d  i n  h i g h e r o rg a n i s m s . 

T h e  ‘m e d i c a l ’ b a s i s  o f A v e ry ’s  d i s - 
c o v e ry  fu rth e r d e e p e n e d  th e  c l e ft. A t 
th a t ti m e  b a c te ri a l  c a p s u l e s  w e re  s tu d i e d  
o n l y  a s  v i ru l e n c e  fa c to rs , a n d  n o t a s  
p ro d u c ts  o f m e ta b o l i c  p a th w a y s ; h e n c e  
th e re  w a s  n o  b a s i s  fo r i n te rp re ti n g  th e i r 
fo rm a ti o n  i n  te rm s  o f s p e c i fi c  e n z y m e s , 
w h i c h  m i g h t h a v e  l i n k e d  tra n s fo rm a ti o n  
to  th e  b i o c h e m i c a l  g e n e ti c s  re c e n tl y  
i n i ti a te d  b y  B e a d l e  a n d  T a tu m . H o tc h - 
k i s s ’s  s u b s e q u e n t tra n s fo rm a ti o n  o f 
m o re  c o n v e n ti o n a l  b i o c h e m i c a l  tra i ts  
e v e n tu a l l y  e l i m i n a te d  th i s  b a rr i e r, b u t 
tra n s fo rm a ti o n  p ro b a b l y  l o n g  c o n - 
ti n u e d  to  s e e m  s tra n g e  to  m o s t b i o - 
c h e m i s ts . 

T h e  p n e u m o c o c c u s  w a s  th e n  a l s o  
v e ry  s tra n g e  to  m o s t D ro s o p h i l a  a n d  
m a i z e  g e n e ti c i s ts ; i t w a s  n o t o b v i o u s , a s  
i t i s  n o w , th a t th e  e v o l u ti o n a ry  c o n - 
ti n u i ty  o f b a c te ri a  a n d  e u k a ry o te s  i m - 
p l i e s  s h a re d  c o m m o n  b a s i c  fe a tu re s  o f 
i n h e ri ta n c e . T o  b e  s u re , tw o  i n s i g h tfu l  
g e n e ti c i s ts , G e o rg e  B e a d l e  a n d  H e rm a n  
M u l l e r, q u i c k l y  p o i n te d  o u t i n  re v i e w s  
th e  p o te n ti a l  s i g n i fi c a n c e  o f p n e u - 
m o c o c c a l  tra n s fo rm a ti o n  fo r th e i r fi e l d  ; 
b u t th e i r i m p a c t d o e s  n o t s e e m  to  h a v e  
b e e n  l a rg e . 

(3 ) A  m o re  i m p o rta n t re a s o n  fo r th e  
d e l a y e d  g e n e ra l  a p p re c i a ti o n  o f A v e ry  
w a s  th e  u n e x p e c te d  n a tu re  o fh i s  c o n c l u - 
s i o n , w h i c h  i n e v i ta b l y  g e n e ra te d  s k e p - 
ti c i s m . P r o b a b l y  th e  g re a te s t s o u rc e  o f 
th i s  s k e p ti c i s m , a s  c a n d i d l y  re v e a l e d  i n  
M a c l y n  M c C a rty ’s  m o d e s t h i s to ry  o f 
th e  d i s c o v e ry ,l  w a s  a  c o l l e a g u e  a t th e  
R o c k e fe l l e r In s ti tu te , A l fre d  M i rs k y , 
w h o  h a d  b e e n  c o n c e n tra ti n g  o n  c h ro - 
m o s o m e s  a n d  n u c l e i c  a c i d  fo r m a n y  
y e a rs . H e  c l e a rl y  d i d  n o t e n j o y  b e i n g  
u p s ta g e d  b y  th e s e  th re e  m e d i c a l  m i c ro - 
b i o l o g i s ts , a l l  w i th o u t a  b a c k g ro u n d  i n  

g e n e ti c s , a n d  s e l f-ta u g h t i n  th e i r b i o - 
c h e m i s try . W h a t i s  m o re , M i rs k y  w a s  
a n  u rb a n e , w i d e l y  tra v e l e d  m a n , a n d  h e  
g a v e  m a n y  s e m i n a rs  e m p h a s i z i n g  th a t 
th e  a c ti v i ty  o f e v e n  th e  p u re s t D N A  
p re p a ra ti o n s  m i g h t b e  d u e  to  c o n - 
ta m i n a ti n g  p ro te i n . (It to o k  p a i n s ta k i n g  
e x p e ri m e n ts  b y  H a tc h k i s s  to  s h o w  th a t 
th e  tra c e s  o f a m i n o  a c i d s , a l w a y s  p re s e n t 
i n  h y d ro l y s a te s  o f th e  D N A , w e re  
p ro d u c ts  o f b re a k d o w n  o f p u ri n e s .) 
A v e ry , w h o  n e v e r w e n t to  m e e ti n g s  o r 
tra v e l e d  to  g i v e  s e m i n a rs , s i m p l y  w a i te d  
fo r N a tu re  to  s e ttl e  th e  c o n tro v e rs y . 
T h i s  i t d i d  - b u t to o  l a te  fo r th e  N o b e l  
C o m m i tte e . 

(4 ) A n  a d d i ti o n a l  fa c to r w a s  th a t 
g e n e ti c s  w a s  th e n  a  v e ry  s p e c i a l i z e d  
fi e l d , a n d  a  m e m b e r o f th e  N o b e l  
C o m m i tte e  l a te r e x p l a i n e d  to  m e  th a t i t 
w a s  h a rd l y  re p re s e n te d  a t a l l  i n  S w e d e n . 
A n d  d e s p i te  th e  a u ra  o f i m m o rta l i ty  
s u rro u n d i n g  th e  N o b e l  P r i z e s , th e  fi n i te  
i n te re s ts  a n d  b a c k g ro u n d  o f th e  m o rta l s  
c o m p o s i n g  th e  a w a rd i n g  c o m m i tte e s  
o b v i o u s l y  a ffe c t th e  s e l e c ti o n . 

(5 ) T h e  ro l e  o f p h a g e  g e n e ti c i s ts  i n  
th e  s k e p ti c a l  re a c ti o n  h a s  e l i c i te d  a  
g o o d  d e a l  o f c o n tro v e rs y . T h i s  b ri l l i a n t 
g ro u p  h a d  s e t o u t to  s tu d y  p h a g e  
b e c a u s e  th i s  s i m p l e s t o f a l l  o rg a n i s m s  
s e e m e d  m o s t l i k e l y  to  re v e a l  th e  n a tu re  
o f th e  g e n e . S i n c e  th e i rs  w a s  a  m u c h  
m o re  l o g i c a l  a p p ro a c h  th a n  th e  s e r- 
e n d i p i to u s  o n e  th a t w o rk e d  fo r A v e ry , 
i t i s  u n d e rs ta n d a b l e  th a t th e y  c o u l d  
e a s i l y  fi n d  g ro u n d s  fo r d o u b t a b o u t th e  
g e n e ti c  s i g n i fi c a n c e  o f h i s  d i s c o v e ry . 
O n l y  i n  1 9 5 2  d i d  th e  p h a g e  g ro u p  p l a c e  
i ts  i m p ri m a tu r o n  A v e ry ’s  c o n c l u s i o n , 
w h e n  H e rs h e y  a n d  C h a s e  s h o w e d  th a t 
l a b e l e d  D N A  o f a n  i n fe c ti n g  p h a g e  
e n te re d  th e  h o s t c e l l  w h i l e  th e  d i f- 
fe re n ti a l l y  l a b e l e d  p ro te i n  re m a i n e d  o u t- 
s i d e . B u t w h i l e  th i s  p i o n e e r p h a g e  
e x p e ri m e n t w a s  a  m o s t i m p o rta n t o n e , 
i t w a s  n o t n e a rl y  a s  c l e a n  a s  th e  A v e ry  
e x p e ri m e n t: th e  e n try  o f th e  D N A  w a s  
a c c o m p a n i e d  b y  a b o u t 2 0 %  o f th e  
p h a g e  p ro te i n , w h i l e  th e  p u ri fi e d  p n e u - 
m o c o c c a l  fa c to r c o n ta i n e d  n o  d e te c ta b l e  
p ro te i n , a n d  th e  a c ti v i ty  w a s  d e s tro y e d  
b y  D N a s e  b u t n o t b y  p ro te a s e . 

(6 ) A s  h a s  o fte n  b e e n  p o i n te d  o u t. 
th e  W a ts o n -C ri c k  d i s c o v e ry  o f D N A  
s tru c tu re  h a d  a  tre m e n d o u s  a n d  i m - 
m e d i a te / i m p a c t b e c a u s e  i ts  fu n c ti o n a l  
i m p l i c a ti o n s  - fo r b o th  g e n e  re p l i c a ti o n  
a n d  m u ta ti o n  - w e re  o b v i o u s , w h i l e  th e  
A v e ry  d i s c o v e ry  i m p l i e d  o n l y  th a t 
D N A  w a s  i m p o rta n t. B u t th a t d o e s  n o t 
e x p l a i n  w h y  s o  fe w  p e o p l e  to o k  u p  th a t 

p ro v o c a ti v e  l e a d  i n  th e  n e x t fe w  y e a rs . 
T h i s  w a s  a  c l a s s i c a l  c a s e  o f c o n s e rv a ti s m  
i n  s c i e n ti fi c  fa s h i o n s , p e rh a p s  p a rtl y  
e x p l a i n e d  b y  th e  o th e r fe a tu re s  o f th e  
A v e ry  d i s c o v e ry  th a t I h a v e  j u s t d e s - 
c r i b e d . 

E m i l  F i s c h e r’s  S p e c u l a ti o n  
a b o u t G e n e ti c  E n g i n e e ri n g  

T h e s e  ru m i n a ti o n s  o n  e a rl y  h i s to ry  
c o v e r g ro u n d  th a t w i l l  b e  fa m i l i a r to  
m a n y  re a d e rs . B u t I w o u l d  l i k e  i n  
a d d i ti o n  to  c a l l  a tte n ti o n  to  a  l e s s  
fa m i l i a r s p e c u l a ti o n  b y  E m i l  F i s c h e r i n  
1 9  1 4 , fo re s h a d o w i n g  g e n e ti c  e n g i n e e r- 
i n g . F i s c h e r w a s  a  g i a n t w h o  g a v e  u s  
m u c h  o f w h a t w e  k n o w  a b o u t th e  
o rg a n i c  c h e m i s try  o f s u g a rs , p e p ti d e s , 
l i p i d s  a n d  n u c l e i c  a c i d s . S p ri n g e r V e rl a g  
h a s  j u s t re p u b l i s h e d  h i s  p o s th u m o u s  
a u to b i o g ra p h y , A u s  m e i n e m  L & e n , 
w i th  a  s c h o l a rl y  p ro l o g u e  b y  B e rn h a rd  
W i tk o p  o f th e  N IH . W i tk o p  n o te s  th e  
fo l l o w i n g  p a s s a g e , w h e re  F i s c h e r2  w a s  
d i s c u s s i n g  th e  m e th y l a te d  p u ri n e s  th a t 
h e  h a d  b e e n  s y n th e s i z i n g : 

W i th  th e  s y n th e ti c  a p p ro a c h e s  to  th i s  g ro u p  
w e  n o w  a re  c a p a b l e  o f o b ta i n i n g  n u m e ro u s  
c o m p o u n d s  th a t re s e m b l e , m o re  o r l e s s , 
n a tu ra l  n u c l e i c  a c i d s . H o w  w i l l  th e y  a ffe c t 
v a ri o u s  l i v i n g  o rg a n i s m s ?  W i l l  th e y  b e  
re j e c te d  o r m e ta b o l i z e d  o r w i l l  th e y  p a rti c i -  
p a te  i n  th e  c o n s tru c ti o n  o f th e  c e l l  n u c l e u s ?  
O n l y  th e  e x p e ri m e n t w i l i  g i v e  u s  th e  a n s w e r. 
I a m  b o l d  e n o u g h  to  h o p e  th a t, g i v e n  th e  
r i g h t c o n d i ti o n s , th e  l a tte r m a y  h a p p e n  a n d  
th a t a rti fi c i a l  n u c l e i c  a c i d s  m a y  b e  a s s i m i - 
l a te d  w i th o u t d e g ra d a ti o n  o f th e  m o l e c u l e . 
S u c h  i n c o rp o ra ti o n  s h o u l d  l e a d  to  p ro - 
fo u n d  c h a n g e s  o f th e  o rg a n i s m , re s e m b l i n g  
p e rh a p s  p e rm a n e n t c h a n g e s  o r m u ta ti o n s  9  -- 
th e y  h a v e  b e e n  o b s e rv e d  b e fo re  i n  n a tu re . 

O f c o u rs e , th i s  p ro p h e ti c  s p e c u l a ti o n , 
n o t y e t r i p e  fo r te s ti n g , fe l l  b y  th e  
w a y s i d e  a n d  w a s  n o t a  c o n tri b u ti o n  
to w a rd  th e  d e v e l o p m e n t o f g e n e ti c  
e n g i n e e ri n g . N e v e rth e l e s s , i t re m i n d s  u s  
th a t h i g h l y  i n te l l i g e n t i n d i v i d u a l s , 
d e e p l y  i m m e rs e d  i n  a n  a re a  o f s c i e n c e , 
c a n  o ffe r j u d g m e n ts  th a t a re  re m a rk a b l y  
fa r-s i g h te d . 
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